The most suitable method for determining the density and the probable size of virus particles is ultracentrifugation by means of which measurement of sedimentation rates of the particles is made in suspending media of different specific gravities. The elementary bodies of vaccinia possess several advantages for studies by centrifugation: they are approximately spherical in form (5), a fact which greatly simplifies the interpretation of the measurements; they can be purified and concentrated with ease; they are large enough to be sedimented rapidly even in highly viscous media and can be readily observed by dark-field illumination or by proper staining techniques.
The most suitable method for determining the density and the probable size of virus particles is ultracentrifugation by means of which measurement of sedimentation rates of the particles is made in suspending media of different specific gravities. The elementary bodies of vaccinia possess several advantages for studies by centrifugation: they are approximately spherical in form (5), a fact which greatly simplifies the interpretation of the measurements; they can be purified and concentrated with ease; they are large enough to be sedimented rapidly even in highly viscous media and can be readily observed by dark-field illumination or by proper staining techniques.
In connection with centrifugation studies on particles suspended in different media, it is important to know to what extent the physical nature of the particles (density, size) has been altered by the different 507 media. Therefore, it is of considerable interest to know whether Paschen bodies behave as semipermeable masses which respond to osmotic influence and whether they exhibit permeability responses to substances other than water. On physicochemical grounds one may expect semipermeable masses to be less permeable to large molecules and more permeable to small molecules if the molecules are non-electrolytes. Accordingly, sucrose, glycerol, and urea, which can be used to vary the specific gravity and osmotic pressure of aqueous solutions, were chosen for the investigation, by means of the ultracentrifuge, of changes in the density and size of vaccine virus particles.
The results of the work are reported at this time.
Materials and Methods
Various concentrations of sucrose, glycerol, and urea (all of c.P. grade) were employed as suspending media for investigating the permeability and osmotic response of elementary bodies of vaccinia by means of the ultracentrifuge. The CL strain of dermal vaccine virus used throughout the experiments has been carried in rabbits by dermal inoculation of elementary bodies for the past 4 years in Dr. Rivers' laboratory at The Rockefeller Institute. Sedimenting boundaries of virus particles were obtained by means of the air-driven centrifuge of Bauer and Pickels (6) , and the light-absorption method of Svedberg (7) was employed for the measurement of sedimentation rates. The methods employed in the present work for the preparation of virus suspensions and suspending media, as well as the technique of ultracentrifugation, have been described elsewhere (8) .
Ten different stock suspensions of elementary bodies were used; seven of these lots furnished the material for thirty-seven paraUel experiments with dilute buffer (8) . All suspending media used in the present work were so buffered as to have pH values between 6.8 and 7.6, and all centrifugations were made at room temperature. The stock suspensions of virus and the experimental specimens were kept in storage at 5°C. except during the time required for preparation and sampling.
The general nature of the sedimenting boundaries of elementary bodies in solutions of sucrose, glycerol, and urea was found to be in accord with that observed in experiments with dilute buffer (8) , and the same methods of measurement were found applicable. The sedimentation rates were computed from measurements taken of the slowest moving virus particles present in an appreciable concentration, i.e., of the upper and better defined edge of the primary boundary. The primary boundary always showed a spread of about 14 per cent (8) which could not be accounted for by diffusion. Each sedimentation rate was corrected to a value representing sedimentation in a medium having a standard viscosity, i.e., that of water at 20°C. Such a corrected sedimentation rate affords a more favorable basis for the comparison of results obtained with media of different viscosities.
Preparations of elementary bodies were examined microscopically by means of dark-field illumination and also after having been stained according to Morosow's technique (9) . The infective titers of certain specimens were obtained by intradermal injection into rabbits of serial tenfold dilutions; duplicate or quadruplicate titrations were done on each sample.
EXPEI~ rMq~NTA~

Sedimentation of Elementary Bodies in Different Concentrations of
Sucrose, Glycerol, and Urea.--The rate at which homogeneous, small particles sediment in a given medium is directly proportional to the difference between the density of the particles and the density of the surrounding medium. If the particles remain constant in size, shape, and density, their sedimentation rates, corrected for the viscosity of the medium, should decrease in direct proportion to the increase of the specific gravity of the suspending liquids. Thus a graph of the corrected sedimentation rates plotted against the specific gravities of different media should give a straight line if the physical nature of the sedimenting particles has not been altered by the suspending fluids. This simple method of analysis was chosen to determine whether or not elementary bodies of vaccinia are appreciably affected by suspension in solutions of sucrose, glycerol, and urea.
The sedimentation rate of elementary bodies was determined at various intervals of time after suspension in several concentrations of these media. Three or four experiments were generally performed on a single specimen of material. The first measurements were taken as soon as possible after the suspension of the virus particles in the test medium, i.e., within 25 to 30 minutes in the experiments with sucrose and glycerol. Later, in the experiments with urea this time was reduced to about 6 minutes by the elimination of a preliminary centrifugation which was found to be unnecessary (8) . With the sucrose and glycerol solutions, centrifugations were performed as late as 24 hours after suspension of virus particles in the given media. The behavior of elementary bodies in certain of the urea solutions was investigated as late as 119 hours after suspension. In most instances at least two different specimens of elementary bodies taken from different stock suspensions of virus were employed with a particular concentration of each medium.
Sedimentation rates were measured in sucrose solutions adjusted to specific gravity values of 1.050, 1.100, 1.150, 1.200, and 1.250. All the specific gravity measurements given in this paper are referred to water at 20°C. With these respective media, thirteen, fifteen, seven, six, and five centrifugations were performed. With glycerol solutions of specific gravities 1.050, 1.081, 1.100, and 1.150, eight, four, eight, and seven experiments, respectively, were performed. Elementary bodies suspended in urea solutions of specific gravities 1.025, 1.043, 1.050, and 1.100 were studied by means of six, three, fifteen, and three centrifugations, respectively.
In the forty-six experiments with sucrose solutions, six different stock suspensions of elementary bodies were employed. Four of these lots of stock virus, used exclusively for the first thirty-five centrifugations, displayed varying degrees of irregularity in their sedimentation because of spontaneous, intermittent agglutination of some elementary bodies during the course of experiment. The sedimentation rates of these specimens were determined by the method outlined in another paper (8) and were found to show a fair agreement under similar experimental conditions. To confirm these results, eleven representative experiments were repeated with two carefully selected suspensions of stock virus which had been found to exhibit only normal boundaries in dilute buffer. In all subsequent investigations only those lots of virus were used which had shown no macroscopic evidence of autoagglutination after storage for about 3 weeks (8). Furthermore, 2 per cent normal rabbit serum was included in most of the suspending media to reduce the possibility of agglutination.
Of special significance were the results obtained with sucrose solutions of specific gravity 1.25. This was the only medium in which there was no evidence of sedimenting boundaries of elementary bodies, even though the centrifugal force was raised to a value (speed, 800 g.P.S.) 100 times greater than that ordinarily used (speed, 80 R.P.s.) with dilute buffer solutions. Five experiments were performed with three different lots of virus and each gave the same general result, although the time of suspension ranged from 30 minutes to 24 hours. In a few experiments there were definite traces of a very slow negative sedimentation without the formation of a distinct boundary. In the sample suspended for 24 hours there were faint traces of both positive and negative sedimentations being experienced simultaneously by small amounts of ultraviolet light-absorbing material. The results were quite consistent, however, in that a sedimentation rate of approximately zero was usually obtained. This means that the density of elementary bodies of vaccinia is very close to 1.25 gin. per cc. when the particles are suspended in sucrose solutions of that density.
The sedimentation rate of a sample of elementary bodies did not remain constant after suspension in a solution of sucrose, glycerol, or urea, but showed a variation which will be discussed below. The maximum corrected sedimentation rate of the bodies for each medium is represented graphically in Fig. 1 Fzo. 1. Maximum sedimentation rates (mean values, corrected to standard viscosity) occurring after suspension of elementary bodies of vaccinia in various concentrations of sucrose, glycerol, and urea. A maximum possible density of elementary bodies suspended in dilute buffer is indicated by the specific gravity (1.17) of the hypothetical medium (tangent line) at which the sedimentation rate becomes zero. For explanation of hypothetical medium see text, page 620.
bodies was quite different in the three types of media employed. From this observation it may be concluded that solutions of sucrose, glycerol, and urea produce changes in the physical nature of the elementary bodies which result in variations of their sedimentation rates. It is also obvious that the physical changes produced in the particles by these media are not the same even when the specific gravities of the different solutions are equal.
Rise and Fall of Sedimentation Rate Related to Time after Suspension of Elementary Bodies in Test
Solutions.--It has been previously reported that no significant change occurred in the sedimentation rate of Paschen bodies following their resuspension in dilute buffer solutions (8) . In contrast to this, a definite change in the sedimentation rate generally was observed after the suspension of elementary bodies in a given solution of either sucrose, glycerol, or urea. This variation was found to be correlated with the length of time that the elementary bodies were in contact with the test solution. The sedimentation rate increased in almost every instance immediately after suspension of the virus particles, and in certain cases a subsequent decline in rate was observed after several hours. The nature of these variations in sedimentation rate is demonstrated in Figs. 2, 3 , and 4.
The results of experiments performed with sucrose solutions are represented graphically in Fig. 2 . Many of these rates were determined with stock suspensions of elementary bodies which displayed in varying degree an irregular sedimentation. However, it was possible, as has been described previously, to approximate the correct sedimentation rates in such instances, and these values served to confirm the determinations made with stock suspensions which showed only uniform sedimentation. Where possible, these latter rates were used in drawing the curves (Fig. 2 ) to indicate the most probable behavior of the elementary bodies at various times after suspension in the several concentrations of sucrose.
The sedimentation rates obtained with glycerol solutions are represented in Fig. 3 . Two specimens of virus particles, taken from two different stock suspensions of elementary bodies, were employed in studies connected with each concentration of glycerol, except the solution of specific gravity 1.081. Although the maximum rates reached by the two lots of virus agreed closely in every instance, some difference in behavior was observed in the centri/ugations made immediately after suspension and those made after about 24 hours. As may be seen in Fig. 3 , virus lot e consistently gave lower sedimentation rates immediately after suspension than did lot g. In the solutions of specific gravity 1.15 the elementary bodies taken from virus lot e showed a steadily increasing sedimentation rate over a period of 24 hours, reaching a maximum of about 28 x 10 -n cm./sec./dyne. In contrast to this, the corpuscles from lot g sedimented at an approximately uniform rate of 28 during the course of three experiments pedorrned during the 5 hours following suspension. After 24 hours this latter virus specimen displayed a very peculiar type of irregular sedimentation, the boundary being sufficiently well defined for measurement during only the middle portion of the centrifugation. Its sedimentation rate was estimated to be 20.5, a value considerably below the others recorded for the same medium. The details of this experiment have been discussed more thoroughly in another paper (8) . It appeared that virus lot g might have responded more quickly than lot e to the action of the suspending medium, possibly because of some intrinsic differences in the elementary bodies. However, the observed discrepancies might possibly have been the result of some slight differences in the preparation, storage, or handling of the specimens of virus. For instance, the effect of temperature on the rapidity and the extent of alteration of elementary bodies by glycerol has not been studied.
The behavior of elementary bodies of vacclnis suspended in urea was studied most thoroughly in solutions of approximately 22 per cent concentration (specific gravity 1.060). The sedimentation rates determined with a representative specimen of virus particles are plotted graphically in Fig. 4 . The initial rise in the sedimentation rate indicated by the curve was verified by five additional experiments performed with elementary bodies taken from a different stock suspension of virus. The changes of sedimentation rate in the other solutions of urea represented in Fig. 1 were followed by centrifugation runs over a period of 6 hours. Marked increases in rate were observed during the first few hours of suspension with all the urea solutions except the most concentrated one used (specific gravity 1.100, urea concentration approximately 40 per cent). The single specimen of elementary bodies studied in this medium sedimented most rapidly during the first experiment, in which the earliest photograph was taken 7 minutes after suspension. The rate did not appear to be constant throughout the centrifugation,~ but decreased from an estimated value of 30.6 to about 26.7 between the first and second halves of the experiment. Over a 4 hour period the rate progressively decreased to a value of 25.5. It is probable that during the few minutes preceding the first photographs the potential rate had gone through a maximum value and had already begun to decline before measurements could be made. The initial rise and fall of sedimentation rate in a 40 per cent urea solution apparently occurred considerably more rapidly than was observed with 22 per cent urea (Fig. 4) .
From the above experiments it appears that the potential sedimentation rate of elementary bodies of vaccinia always increased immediately after their suspension in solutions of sucrose, glycerol, or urea, although it was not always possible to demonstrate such increases in the higher concentrations of these media. In 22 and 40 per cent urea solutions a marked decline in sedimentation rate followed the initial increase. Examples of such decreases in rate were also observed with each of four concentrations of glycerol, whereas a distinct lowering of rate was observed with only one specimen of elementary bodies suspended in sucrose solutions, i.e., the specimen from virus lot g suspended in the solution of specific gravity 1.05. The maximum rates given in Fig. 1 were determined from the maximum heights of the curves given in Figs. 2, 3 , and 4 and from similar curves constructed for the results with urea which are not illustrated. An average value was taken where more than one curve was drawn for a particular medium.
Sedimentation of Elementary Bodies after Resuspension from Solutions of Sucrose, Glycerol, and Urea into Dilute Buffer Solution.--The results
presented in previous sections indicate that the physical nature of Paschen bodies is altered when the particles are suspended in solutions of sucrose, glycerol, or urea. It was considered essential to investigate the possibility of a reversal of these changes. This was done by measuring the sedimentation rates of elementary bodies that had been removed from such solutions and resuspended in dilute buffer solution.
Virus particles which had been suspended in a 35 per cent sucrose solution for 24 hours were separated from the body of the medium by centrifugation and were then resuspended in 3 cc. of a dilute buffer solution. 2 per cent normal rabbit serum had been incorporated in both media. The sedimentation rate measured 6 minutes after resuspension was 49.1 x 10 -11 cm./sec./dyne; 44 minutes after resuspension it was 48.2. These values were computed on the assumption that the viscosity of the suspending medium was the same as that of water. Actually, it was slightly higher, since the incorporation of a few drops of sucrose solution in the dilute buffer solution was unavoidable during the resuspension. Nevertheless, the corrected sedimentation rates would still be approximately normal for a dilute buffer solution. The spread and general appearance of the primary boundaries were normal. There was no marked agglutination of elementary bodies and there were only faint traces of multiple boundaries.
Elementary bodies of vaccinis which had been suspended for 26 hours in the glycerol medium of specific gravity 1.081 (approximately 34 per cent glycerol) were separated from the medium by centrifugation and then resuspended in 3 cc. of a dilute buffer solution. Both media contained 2 per cent by volume of normal rabbit serum. The sedimentation rates were 49.8, 50.6, and 52.2 after 6, 59, and 109 minutes respectively. Distinct multiple boundaries (see Paper I (8), page 594) were visible in the first and third of these experiments, but not in the second. The specimen of elementary bodies used for these three experiments had not shown multiple boundaries while suspended in the glycerol solution.
Three experiments were performed on a specimen of elementary bodies after resuspension in a dilute buffer solution from a 22 per cent urea solution in which the particles had remained for 120 hours. The behavior of this sample is illustrated in Fig. 4 . 7 minutes after resuspension the sedimentation rate was only 42.6; in the next 3 hours it rose to 47.2. This value may be considered as approximately normal for dilute buffer since no correction was made for the slightly higher than normal viscosity of the buffer solution, which resulted from the few drops of urea solution carried over unavoidably during the resuspension. There were multiple boundaries in both instances, with indications of marked agglutination of the elementary bodies into larger aggregates. Only about 20 per cent of the particles were unagglutinated in the first experiment and only about 5 per cent in the second. Mter 22 hours agglutination was so complete that no distinct boundary was observed on centrifugation.
A specimen of Paschen bodies which had been in contact with a 40 per cent urea solution for 24 hours was resuspended in dilute buffer solution and studied in four experiments. 4 minutes after resuspension the measured sedimentation rate was 44. It increased to 45.6 in the next 3 hours, and to 46.1 after 76 hours. Distinct multiple boundaries were present in the first three experiments. The concentration of the single virus particles constituting the primary boundary was progressively lower in each experiment. Almost all of the particles had agglutinated after 76 hours. Again no correction was made for the slightly higher than normal viscosity of the buffer solution.
To test the possibility that the failure of this last resuspended sample to reach the normal rate of sedimentation in buffer solution might have been the result of some permanent change in the bodies caused by contact with concentrated urea, a sample of virus material was suspended in a dilute urea solution whose concentration was then increased in several steps over a period of about 20 hours to a value of 40 per cent. Mter remaining for several hours at this concentration the solution was diluted at intervals with a buffer solution until, 48 hours after the original suspension, the concentration of urea had been reduced to 7 per cent. The elementary bodies were then centrifuged from the dilute urea solution and resuspended in buffer solution. A few minutes after resuspension the sedimentation rate was 50.1; 45 minutes later it was 48.5. Thus both values were within the normal range for elementary bodies suspended in dilute buffer solution. Pronounced secondary boundaries of identical appearance were present in both instances (8) , but no appreciable agglutination of the particles into large aggregates was observed.
The experiments just described indicate that the changes in the physical nature of the particles which influence the sedimentation rate of elementary bodies placed in contact with concentrated solutions of sucrose, glycerol, or urea are reversible. Urea in certain concentrations, on the other hand, had a deleterious effect on the virus. Elementary bodies suspended for 5 minutes in 40 per cent urea were no longer infective in a dilution of 10 -I, whereas before suspension the titer had been 10 -8. Inactivation proceeded at a much slower rate when the virus was in contact with 22 per cent urea. The infective titer of the specimen represented in Fig. 4 was obtained from aliquots removed at the time of each of the centrifugations. Titers of the control suspension and of the sample removed after 5 minutes were both 10 -8. The five titrations done from 1 to 48 hours after suspension in urea all had the same end point, namely, 10 -~. After 72 hours' contact the titer had fallen to 10 -*, and at 120 hours to 10 -1 . Stained smears and studies by means of the dark field revealed no significant alteration in the appearance of the elementary bodies during this period: Fig. 4 indicates the relationship between sedimentation rate and infectivity of the virus. Neither the significant elevation of rate which occurred within the first few hours nor the marked decrease in rate which followed was accompanied by a material drop in infectivity. However, the sedimentation rate continued to decrease slowly after its more rapid initial descent, and it may be significant that the marked reduction in infectivity occurred as the lower sedimentation rates were reached. Inactivation ~f virus by prolonged contact with high concentrations of urea was irreversible. Elementary bodies after storage for 3 to 5 days in urea solutions of 22 and 40 per cent were sedimented in the angle centrifuge and resuspended in dilute buffer containing rabbit serum. The infectivities of these specimens remained at their previous low levels even after their sedimentation rates became approximately normal. 10 and 15 per cent urea solutions failed to inactivate vaccine virus after contact for as long as 4 days.
The Effect of Different Suspending Media on the Infectivity of Elementary Bodies.--Solutions
The Response of Erythrocytes to Solutions of Sucrose, Glycerol, and
Urea.--In order to clarify certain ideas regarding some of the possible ways in which the physical nature of elementary bodies might be altered by suspension of the virus particles in solutions of sucrose, glycerol, or urea, a brief reinvestigation of the response of rabbit erythrocytes to these solutions was made by means of microscopic observation.
Washed red cells immediately ballooned and burst when placed in physiological saline to which urea had been added in a concentration greater than 5 per cent. Red cells placed in physiological saline containing only 5 per cent urea also swelled, a few sufficiently to hemolyze; the majority, however, returned to their normal size within a few minutes. Such cells, when removed from this medium and placed in physiological saline, first swelled and many hemolyzed; those which did not rupture rapidly shrank, passing through the normal size to become crenated.
Glycerol solutions (1.5 to 50 per cent) in saline failed to hemolyze red blood cells; in fact, the cells appeared to be shrunken in the higher concentrations. Cells which had reached an equilibrium in glycerol solutions of concentrations ranging from 50 to 5 per cent were found to swell rapidly and burst when resuspended in saline. However, practically no hemolysis followed resuspension from a 1.5 per cent glycerol solution.
Sucrose solutions (1 to 50 per cent) in saline produced no hemolysis of red blood cells; on the contrary, the cells became shrunken and crenated. When resuspended in saline, after contact with sucrose solution for half an hour, they returned to normal size. None appeared abnormally swollen and no hemolysis occurred.
These observations agree with the classical experiments on permeability of erythrocytes (10); urea rapidly diffuses into the red cell, while gl~ccerol penetrates it more slowly. Sucrose, on the other hand, does not enter the erythrocyte in appreciable amounts within short periods.
Interpraati~m of Results The Density of Elementary Bodies of Vacdnla in Dilute Buffer
Solutions.--From the experiments presented above it is apparent that the sedimentation rate of elementary bodies of vaccinia increases, for a time at least, after the particles come into contact with a solution of sucrose, glycerol, or urea. This effect tends to counteract the drop in sedimentation rate which would be expected on transferring the particles from dilute buffer solution to any of these more dense media if the physical condition of the particles were to remain unchanged. A given increase in the density of sucrose solutions produces a greater decrease in the sedimentation rate of the virus particles than does a similar change in the density of glycerol or urea solutions (Fig. 1) .
Furthermore a given increase in the density of dilute sucrose solutions changes the sedimentation rate of the particles more than does a similar increase in the density of the more concentrated ones, as is evidenced by the more rapid fall of the curve for sucrose (Fig. 1) at the lower density values. A straight line drawn tangent to the curve for sucrose solutions at a specific gravity value of 1.00 indicates the behavior that elementary bodies would exhibit in a hypothetical medium in which the rate of sedimentation would decrease linearly with increasing density in a manner corresponding to very dilute sucrose solutions. The sedimentation rate in such a medium becomes zero at a specific gravity of 1.17, indicating equal densities for the particles and the medium. This value should represent the maximum possible limit for the density of elementary bodies suspended in dilute buffer solutions.
A more precise determination for the density of the particles in dilute buffer solution would be available if the sedimentation rate of elementary bodies in one of the denser media could have been obtained before any changes in the physical nature of the particles had occurred. The unaltered density of the virus corpuscles could then be computed from the simple mathematical expression relating the sedimentation rate (corrected for the viscosity of medium) directly to the difference between the density of the medium and of the particles:--
in which $1 and S~ are the sedimentation rates in dilute buffer and in the denser medium having the respective densities of px and ~. Unfortunately such a condition could not be realized experimentally. However, it appeared probable that sedimentation rates for the unaltered particles might be approximated by extrapolating the sedimentation versus time curves to zero time. Extrapolated rates were thus obtained from the curves shown in Figs. 2 and 3 , and an estimate of the density of elementary bodies in dilute buffer was made with the aid of Equation 1. From the results with sucrose solutions of specific gravities 1.050 and 1.100, density values of 1.158 and 1.165 gin. per cc. were obtained for the virus particles. Densities of 1.155 and 1.157 gin. per cc. were calculated from the extrapolated values for glycerol solutions of specific gravities 1.050 and 1.100. With all the other media investigated, including the urea solutions of low specific gravity, the sedimentation rates apparently were increased so rapidly following suspension that the curves could not be extrapolated with sufficient accuracy to be significant.
ULTRACENTRIFUGATION 0~' VACCINE VIRUS. II
On the basis of these extrapolated determinations elementary bodies of vaccinia appear to have a density of approximately 1.16 gra. per cc. when suspended in a dilute buffer solution. In arriving at this value no assumptions were necessary regarding the shape and size of the particles, or regarding the method by which the suspending media altered the physical nature of the virus bodies.
Probable Density of Elementary Bodies in Various Concentrations
of Sucrose, Glycerol, and Urea.--The density of Paschen bodies was determined directly only in sucrose solutions of specific gravity 1.250, since in this medium only did the sedimentation rate become zero. It is of interest to estimate, if possible, the probable maximum density of the particles in each of the various media investigated.
For the case of a spherical particle whose volume has decreased by an amount equal to the volume of the extracted water, the following formula was derived, relating the sedimentation rate and the density of the particle in any medium. In the derivation the validity of Stokes' law has been assumed for the shrunken particle.
in which $1 ~-sedimentation rate of particle in medium of specific gravity 1.00 (dilute buffer). ql = density of particle in medium of specific gravity 1.00 (dilute buffer). S, = sedimentation rate of particle in medium of specific gravity m. #2 = density of particle in medium of specific gravity m. For the ease of a particle whose density is altered by the suspending medium through diffusion, adsorption, or chemical phenomena without appreciably changing the size or shape of the particle, the density and sedimentation rate have the following relationship:--
The maximum sedimentation rates represented in Fig. 1 were applied to each of these formulas to compute the density values listed in Table I . It is probable that the actual density in each medium lies between the values calculated by the two methods, if the correct density of elementary bodies in buffer is 1.16 gin. per cc. For the sucrose solutions the values computed on the basis of an extraction of water are probably more nearly correct than those computed on the assumption of a constant particle size.
Nature of the Response Shown by Elementary Bodies to Suspending
Media.--The increase in sedimentation rate produced by contact of the elementary bodies with solutions of sucrose, glycerol, or urea might be accounted for in several ways. It may be due to: (a) an extraction of water from within the particles; (b) a partial replacement of occluded water by the denser solute material; (c) a decrease in size and increase in the average density by the detachment of a bound water layer from the surface of the elementary bodies (11); (d) a concentration of sucrose, glycerol, or urea molecules at the surface of the virus corpuscles through the action of some chemical or adsorption phenomenon. Experimental and theoretical considerations indicate that the increases in sedimentation rate are associated principally with changes in the density of the particles rather than with distortions in their shape. From the experimental evidence available at the present time it is impossible definitely to accept or reject any of these explanations; however, the discussion will consider those possibilities which seem most likely. The simple osmotic extraction of water from the particles appears.to be compatible with the experimental observations made with sucrose solutions as the suspending media. The curves in Fig. 5 were constructed in order to ascertain how closely the changes produced in the virus particles by the various concentrations of sucrose, glycerol, and urea were related to the osmotic pressures of these media. The correlation between the relative orders of the two sets of curves tends to support the suggestion that osmosis was a contributing factor in all cases. The same data indicate, on the other hand, that osmosis alone could hardly account for the total increase in sedimentation rate observed in the glycerol and urea solutions. For example, the density of vaccine virus was found experimentally to be 1.25 gin. per cc. in 53 per cent sucrose solution, while the sedimentation rates determined in glycerol and urea solutions of approximately this same osmotic pressure did not correspond to the values expected for particles having the same density, size, and shape as those in 53 per cent sucrose.
The decline of sedimentation rate, which followed the initial rise and was so noticeable with the higher concentrations of urea, was possibly associated with a diffusion of urea into Paschen bodies, with a resultant swelling. The observation that immediately after resuspension from urea solutions into buffer solutions the elementary bodies sedimented below the normal rate, but approached it later, also suggests that urea had entered the particles. The rise of the rate toward normal may have been associated with an outward diffusion of water and urea molecules.
Regarding the decline of sedimentation rate in the test media and the appearance of multiple boundaries following resuspension of elementary bodies in dilute buffer solution, the behavior of the virus particles in glycerol solutions was intermediate between that observed with sucrose and that with urea. It is, therefore, probable that glycerol is capable of penetrating Paschen bodies to some extent.
McFarlane (11) gest, the extraction of either bound or occluded water accounts for the estimated 8 per cent increase in the density of elementary bodies following their suspension in a sucrose solution of specific gravity 1.25, there must be a reduction in the particle's effective volume of about 36 per cent. It means that the effective diameter must be reduced by approximately 14 per cent. If this change in volume is assumed to be due entirely to the removal of a water layer bound to the surface of the particles, it is necessary to postulate a thickness of at least ten water molecules for the layer. Such a particle, suspended in a medium which is essentially aqueous, is difficult to imagine, since the binding forces for the molecules forming all but the inner layers cannot be very different from the forces operating among the free water molecules themselves.
DISCUSSION
Studies on elementary bodies of vaccinla by means of the ultracentrifuge and the light-absorption method of Svedberg indicate that the virus particles undergo physical changes of a reversible nature when taken from a dilute buffer solution to a solution of sucrose, glycerol, or urea. It appears that sucrose solutions act mainly by removing water from the particle. The effect of urea solution, on the other hand, is apparently more complex; although some water may be removed initially, the urea solution diffuses into the particles within a short time. The action of glycerol probably is similar to that of urea but less marked.
The present estimation of density of the vaccine virus particle (1.16 gm. per cc.) lies between the figure of Elford and Andrewes (4), namely, 1.18 4-0.02 gm. per cc. and that of NfacCallum and Oppenheimer (2), 1.12 to 1.13 gin. per cc. Bechhold and Schlesinger's (3) figure of 1.10 gm. per cc. is considerably lower than our estimate; their figure is close to that recorded for bacteria (12) .
It is worthy of note that other authors (4, 13) have clearly recognized the possibility that the density of small biologically active particles might be altered by varying the nature of the suspending medium. Our experiments indicate that the density of elementary bodies generally increases in concentrated solutions. It need hardly be said that the ultracentrifuge combined with the photographic recording of sedimenting boundaries serves as a useful tool in the determination of the size and density of small particles. It may be fallacious, however, to consider the density of the particle in its native state to be the same as that of the suspending medium in which zero sedimentation occurs. Such an assumption is justifiable only after it has been shown that the physical nature of the given particle is not affected by the concentrated solutions employed.
CONCLUSIONS
Ultracentrifugal studies of the CL dermal strain of vaccine virus warrant the following conclusions:
1. When suspended in increasing concentrations of sucrose, glycerol, or urea solutions, elementary bodies of vaccinla show variations in sedimentation rate which indicate changes in the density or size of the particles. For a given change in the density of the medium these changes are smallest with sucrose and most marked with urea. The normal rate of sedimentation of Paschen bodies may be restored by resuspending them in dilute buffer solution.
2. The density of elementary bodies of vaccinia suspended in dilute buffer solutions is estimated to be 1.16 gin. per cc. Higher values for the density are found if the particles are suspended in solutions containing sucrose, glycerol, or urea. In 53 per cent sucrose, for example, the density is 1.25 gin. per cc.
3. Paschen bodies appear to be quite permeable to water and urea, less so to glycerol, and only slightly, if at all, to sucrose.
4. The increased density of the elementary bodies of vaccinia in sucrose solutions may be accounted for by an osmotic extraction of water from the particles. On tMs basis the water which can be thus extracted corresponds to at least a tMrd of the original volume of the particles.
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